We describe the design and function of a circular magnetic waveguide produced from wires on a microchip for atom interferometry using deBroglie waves. The guide is a two-dimensional magnetic minimum for trapping weak-field seeking states of atoms or molecules with a magnetic dipole moment. The design consists of seven circular wires sharing a common radius. We describe the design, the time-dependent currents of the wires and show that it is possible to form a circular waveguide with adjustable height and gradient while minimizing perturbation resulting from leads or wire crossings. This maximal area geometry is suited for rotation sensing with atom interferometry via the Sagnac effect using either cold atoms, molecules and Bose-condensed systems.
I. INTRODUCTION
In recent years atom interferometry has been used to make precision measurements of various phenomena such as rotations, acceleration, gravity gradients and frequency separation of the hyperfine splitting for precision timekeeping [1, 2] . The sensitivity of these measurements are directly proportional to the interaction time or, in the case of rotation measurements, the area enclosed by the two separate interferometer paths. State of the art atom interferometers [1, 2, 3, 4, 5, 6] use unconfined launched atom clouds with minimal external potentials during the interferometer cycle. Despite the success of unconfined atom interferometers there are limitations on the ultimate sensitivity which include: gravity accelerating the atoms [7] , increasing the enclosed area requires increasing the size of the required magnetic shielding, longer interaction times leads to lower signal to noise resulting from lower densities because of ballistic expansion of the atomic cloud, limited dynamic range due to the atom clouds impacting the rotating vacuum enclosure during high dynamic rotations.
One method of addressing these difficulties is to place the atoms in a confining potential.
Several methods for building potentials suitable for use in confined atom interferometers have been developed [3, 4, 5, 6, 8] .
One method for producing a potential suitable for confined atom interferometry involves fabricating small micrometer scale current carrying wires on an insulating substrate, commonly referred to as an atom chip. Current carrying wires on atom chips produce magnetic fields that can be used to trap atomic samples when prepared in a low-field seeking state. However, to be effective for trapped atom interferometry, the magnetic potential must be sufficiently uniform to avoid decoherence. The requirements on the smoothness of the potential are reduced if the separate atomic clouds propagate through reciprocal paths, canceling common mode noise [3] and when the energy associated with the cloud is higher than the potential roughness [9] .
Atom interferometry for rotation sensing via the Sagnac effect is one of the most promising applications of trapped atom interferometers. To maximize the enclosed area, and thus sensitivity, the atomic clouds used in the interferometer should propagate in a circle. In this paper, we propose a method for fabricating an atom chip ring trap, specifically for use in atom interferometry.
A challenge of the ring traps using atom chips is the elimination of potential imperfections 2 resulting from the input leads. One method of avoiding the input leads is to use several turns in an effort to make the input lead perturbation small in comparison to the ring field [10] . More recently magnetic induction has been proposed as means to avoid input leads [11] . In our previous paper [12] we proposed two sets of wires that provide two overlapping ring traps about a common radius and the ability to switch between the two in order to avoid the input leads. This method also provided a means of loading the atoms directly into the waveguide via a U-trap wire located adjacent to the ring to avoid atom losses [13] .
An experimental limitation of this design was a fixed trapping height based upon the wire spacing and current ratios of the wires. Often the desired working distance is unknown and is not cost or time effective to redsesign and replace chips often. For this reason a chip design with adjustable trapping distance is strongly desired.
There are several reasons why a ring trap with an adjustable trapping height is experimentally useful. First, the lifetime of the atomic cloud trapped near the surface of an atom chip is limited by trap loss caused by Johnson noise photon induced spin flips [14] . The number of Johnson noise photons produced is dependent on the temperature of the chip, which depends upon the current density of the wires and the thermal properties of the microchip. Because producing the same magnetic confinement further from a wire requires more current and therefore a higher chip temperature, optimizing the distance of the atoms from the chip is experimentally important. Also, the atom interferometer requires some form of splitting and re-combining of the atoms. A common method used is to apply an optical standing wave. Once again the distance of the atoms from the microchip is important because the Bragg scattering efficiency is reduced by the scattering of the laser beams off the chip surface. Finally, increasing the distance from the waveguide to the chip surface also averages small imperfection in the potential resulting from current fluctuations in the wires.
For all of these reasons it is desirable to have a chip design that allows for an adjustable trapping distance by changing the wire currents.
II. THE 7-WIRE MICROCHIP RING TRAP DESIGN
Previous work has shown that a waveguide with a magnetic field minimum can be generated utilizing either 3 or 4 straight current carrying wires [15, 16] . Specific currents in the wires can be chosen, so as to produce a trapping potential some distance away from the 3 wires. In this paper it will be demonstrated that it is possible to use 7 concentric circular wires to produce a uniform ring trap waveguide that avoids perturbations resulting from the input leads. A schematic of our 7-wire ring trap is shown in Fig. 1 . Since there are a total of seven concentric current rings used to form this ring trap, we will refer to this geometry as a 7-wire ring trap for the remainder of this paper. The primary advantage of using the 7-wire ring trap is that the distance of the ring trap from the atom chip can be varied simply by changing the currents in the wires.
The operation of the ring trap is similar to our previous ring trap work [12] . Initially, the atoms are cooled below the recoil temperature and are loaded into the 3-wire waveguide at the position indicated by 0 rad in Fig. 1 . The atoms are coherently split using a standing wave laser pulse [3, 5] , half of the atomic cloud is given a 2 k l momentum kick clockwise and the other half is given a momentum kick counter-clockwise, where k l is the wave number of the lasers beams used to produce the standing wave. Since the atomic cloud is cooled below the recoil temperature the two clouds of atoms will spatially separate [6] . Since the atoms are confined in the ring trap, the two atomic clouds will propagate in circular paths.
When the clouds have entered the regions located near ±π/2 rad, (shown as shaded boxes in Fig. 1 ), currents in the 3-wire ring trap are slowly turned off, while the currents in the 4-wire ring trap are turned on. This switching prevents the atoms in the ring trap from experiencing perturbations in the potential due to the currents in the input leads. When the two clouds have entered the regions near ±π/2 rad for a second time, the currents are switched back into the 3-wire ring trap. When the clouds return to their initial position, the are illuminated with a second standing wave pulse. By counting the number of atoms in the 0, ± k l momentum states, the Sagnac phase shift can be determined [2, 17, 18] .
In addition to the waveguide, a bias field can be applied to lift the minimum of the waveguide minimum from zero. The bias field can be created by either a central orthogonal current carrying wire or a Time-Orbiting potential (TOP) [19] . Since the atoms are cooled below the recoil temperature, a non-zero waveguide minimum is essential to reduce atom loss through Majorana spin flips. Although often experimentally necessary, the inclusion of a bias field is simple and its effects will be neglected for the remainder of this paper. 
III. THEORETICAL DEVELOPMENT
Below we will introduce a simple theoretical model for a ring trap using N (odd) concentric current carrying rings on the surface of an atom chip. The center ring has radius R and the center to center distance between the rings is a. For simplicity, only the case where the radii of the rings, is much larger than the distance between them R ≫ a, and much larger than the distance of the ring trap from the chip will be considered. Thus, we will neglect the effects due to the curvature of the wires. We will also treat the wires as thin and neglect any effects due to finite wire size. The lowest order effects due to wire curvature have been analyzed, but the resulting formula's provide little new insight into the operation of our ring trap.
The vector potential due to a current carrying ring points in the azimuthal direction. In 5 the limit of large radius R the vector potential for N (odd) equally spaced current carrying concentric rings is,
where I n is the current in the n-th ring, a is the spacing between the wires, δr = r − R is the radial distance from the center ring to the field point, and z is the height of the field point from the rings. Expanding Eq.
(1) about the point δr = 0 and z = z 0 yields
where δz = z − z 0 and the constant terms have been dropped. From Eq. (2) it is clear that the magnetic field is zero at the point δr = 0 and z = z 0 when the two linear terms in Eq. ( 2) each vanish. The first term is zero when
and the second term is zero when the currents are such that
When both Eqns. (3) and (4) are fulfilled the vector potential Eq. (2) becomes
Taking the curl of Eq. (5) yields the magnetic field components
Equations (6) show that the magnetic field near the minima is of the same form as a simple single wire wave guide [16, 20] , with field gradient given by
6 Note that the sum still runs from −(N − 1)/2 to (N − 1)/2.
We will now limit our discussion to the case of seven concentric rings, with seven independent currents. Equation (3) eliminates three of the currents, leaving us with four currents independent currents I 0 , I 1 , I 2 and I 3 (As shown in Fig. 1) . Initially, the atoms are loaded into a ring trap, i.e. located at 0 rad below the center wire in Fig. 1 . To avoid the leads the currents in the wires of the 4-wire trap at this location must be zero, I 1 = I 3 = 0. To satisfy Eq. (4), the relation between the remaining to currents must be
and the magnetic field gradient is
When the atomic clouds have propagated half way around the ring trap, they are near the π rad in Fig. 1 . To avoid the perturbations due to the leads of the 3-wire trap the currents at that position must vanish, I 0 = I 2 = 0. At this point the trap is formed only by the currents in the wires with current I 1 and I 3 . To satisfy Eq. (4), the relation between the nonzero currents must be
When the atoms are in the region near ±π/2 rad as shown in Fig. 1 , there are no input leads and all seven wires can have nonzero current. In this situation Eq. (4) has many solutions, but the simplest solution is to assume that both Eq. (8) and (10) are fulfilled.
There are now two free parameters to specify the magnetic field and the field gradient and can be expressed as
To avoid heating of the atomic gas as it moves around the ring, the magnetic field gradient B ′ should be held constant. At time t = 0, I 1 = 0, and I 0 = I 0 (0). To hold the gradient constant, the time dependence of the current I 1 should be 
where t max = 1. To characterize the effects of the inputs lead and curvature of the wires, we numerically calculated the magnetic field strength along a constant radius as shown in Fig. 4 . In this calculation the current carrying wires are assumed to be thin, which is valid when the distance of the ring trap from the wires is larger than the size of the wires. Since the wires cannot be larger than the spacing between them, the thin wire approximation is always valid when z 0 ≫ a.
We have performed numerical and analytic studies of the effects on the ring trap due to the finite curvature of the wires used to form the ring trap. Our results show that the curvature of the wires causes a small shift in the location of the ring trap towards the center; the ring trap is no longer located directly above the center wire. This shift can be corrected by making a correction to Eq. (3) on the order of na/R. A more complete discussion of the curvature effects will be presented in future work. There are also corrections to Eqns. (8), (10) , and (12) on the order of na/R. The leads add yet another perturbation that shifts the location of the minimum and alters the shape of the potential. This effect is small in the region of interest and the approach of this paper is to switch the input leads before Stepping through increments of t is equivalent to turning off the current in the 3-wire waveguide and turning on the 4-wire waveguide. Notice that both the position of the minimum and the trapping shape near the minimum remain constant. δr = 0 is the location of the center wire with current label I 0 and is perpendicular to the wires.
this perturbation is significant. None of these corrections have an effect on the ability to smoothly guide atom clouds around a ring.
In Fig. 4 the magnitude of the magnetic field is plotted along θ at a fixed radius at the field minimum for the same values given above. As previously mentioned the minimum will deviate slightly from r min as θ approaches the leads however the current in the leads is being turned down as the atoms approach reducing this perturbation. When the atomic clouds are located between θ = −π/4 and θ = π/4, the magnetic field has large perturbations due to the four wire ring trap's leads. Similarly, when the atomic cloud is located between θ = 3π/4 and θ = −3π/4 the magnetic field has large perturbations due to the leads of the three wire ring trap. However, the atomic clouds are between θ = ±π/4 and θ = ±3π/4, there are no perturbations due to either the three or four wire leads. This numerical solution demonstrates that there is a large region where the current can be switched between the two sets of wires. 
V. CONCLUSIONS
We have designed and developed a 7-wire ring trap with adjustable height that encloses area and avoids perturbation from input leads. We have introduced a 1-D theoretical model demonstrating it is possible to fabricate a chip where the currents can be switched between the three and four wire ring trap while holding the minimums location and gradient constant.
We have numerically analyzed the effects of the input leads and shown that there is a large switching region where the perturbations due to the input leads of both the three and four wire rings can be avoided. Finally, we have briefly discussed our preliminary results of the effects of the curvature of the wires on the ring trap.
The choice of atomic cloud temperature plays a pivotal role in the ring trap operation.
Bose Einstein Condensates in microchip waveguides can suffer from fragmentation and dephasing which are undesirable in atom interferometers. Recently, Bouchoule et. al., [21, 22] has demonstrated a possible solution to the fragmentation issue and it is possible to operate the 7-wire ring trap in a manner that makes use of this technique. A BEC can also have reduced coherence times resulting from potential noise and mean field interactions. The short coherence times resulting from mean field interactions are density dependent [6, 8] ;
therefore a tightly confined BEC would have additional dispersion and dephasing. The 7-wire ring trap design has the additional feature of an adjustable gradient and by adjusting the gradient and utilizing dilute samples the 7-wire ring trap would be able to reduce the atom-atom interactions. Furthermore a weaker transverse confinement allows for more transverse oscillation which can be used for dispersion management [23] . The ability to adjust the gradient thus affords more experimental flexibility.
It is experimentally useful to adjust the ring trap radius, i.e for a choice of interferometer interrogation time. De-coupling of temporal and spatial sources of error is useful for systematically identifying and eliminating sources of noise and atom loss. Also, the possibility of adjusting the radius of the waveguide dynamically allows for the study of the coupling of longitudinal and transverse modes that could be used to damp out transverse oscillations if desired and help overlap the clouds at the recombination point [10, 23] . This concept can be extended to an N -wire ring trap where the radial location of the minimum can be adjusted.
Finally it should be remarked that care must be taken during loading of the ring trap.
Small shot-to-shot uncertainty in the initial momentum of the atom cloud, resulting from poor loading or coupling is sufficient to mask the small phase shifts resulting from rotation [24] . The 7-wire ring trap and ring traps in general may require additional loading wires that allow the atom cloud to come to equilibrium before optical splitting.
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